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^ . Abstract 

i> 

We study if a sizeable muon electric dipole can arise in supersymmetric frameworks able 
q ' to account for the tight experimental bounds on sfermion masses, like an appropriate 

flavor symmetry, or like a flavor-blind mechanism of SUSY breaking (in presence of 
radiative corrections charchteristic of GUT models, or due to Yukawa couplings of 
^ neutrinos in see-saw models). In some cases it is possible to evade the naive scaling 

d^/d e = m^/m e and obtain a as large as 10 _22_; ~ 23 ecm. In most cases d^ is around 
P-i! 10~ 24 ^" 25 e cm and (d^/d e ) / (m^/nie) is only slightly different from one: this ratio contains 

J|h | interesting informations on the source of the dipoles and on the texture of the lepton 

Yukawa matrix. We also update GUT predictions for fx — > ej and related processes. 

XT 
«?. 

1 Introduction 

The electric dipole moments (EDMs) of elementary particles represent a powerful probe of physics beyond 
the Standard Model (SM). In the SM, once the strong CP problem has been taken care of, the EDMs are 
far beyond reach of foreseeable experiments, whereas supersymmetric extensions of the SM may provide 
predictions in the range of interest. Whereas the experimental [|l], ^, ||, Q and theoretical ||, ||, ^ 10] 



interest have mainly focussed on the EDMs of the electron and light quarks (through neutron and atomic 
EDMs), the recent prospects of improving the sensitivity to the muon EDM by 5 orders of magnitude 
down to d M ~ 10~ 24 ecm [|ll]] make d^ an additional observable of interest. 

We focus our attention on supersymmetric extensions of the SM, that remain the relatively more 



promising solution of the Higgs mass hierarchy 'problem' [12], although no sparticles have been found 
at LEP. The MSSM (i.e. the softly broken supersymmetric extension of the SM with minimal field 
content and unbroken i?-parity) potentially contains additional sources of CP-violation associated to the 
supersymmetry breaking part of the Lagrangian. With no assumptions on it, it is of course possible to 
find a region in the huge parameter space that gives a detectable cL. A complex muon ^4-term, An, is 



the simplest possibility. Ref. [|13|] discusses additional possibilities. 
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On the other hand, the supersymmetry breaking parameters are strongly constrained by the necessity 
to avoid too large CP-violating and flavor-violating effects in the K and B systems, in \x decays, and in 
the electron and neutron EDMs. We therefore discuss in this paper whether a detectable can arise 
in frameworks able to account for the constraints on the structure of supersymmetry breaking, like a 
flavor blind mechanism of SUSY breaking or some appropriate flavor symmetry. In the most constrained 
situation with complex universal soft terms one has ~ A e and rag ~ giving d„ ~ +d e m^/m e , 
necessarily a factor 3 below 10 _24 ecm given the present limit on <J e [0]- More generically, it is well 
known || that a small phase in flavor-conserving soft terms (like gaugino masses, [i and Bfi terms) can give 
a d e just below its experimental bound and a d^ « d e m^/m e . We will instead consider supersymmetric 
scenarios where CP-violation must be accompanied by flavor violation (similarly to what happens in the 
SM), so that large CP-violating phases give acceptable dipoles that evade the naive scaling. 

One way to account for the constraints on the flavor structure of supersymmetry breaking is that 
the supersymmetry breaking mechanism itself generates flavor-universal real soft terms at some scale 
Mq. Even in this case, significant effects can arise if the theory above some scale Mqp lower than Mq 
contains additional sources of CP-violation. Such effects leave their imprint in the soft terms through 
radiative corrections arising between the scales Mqp and Mq ||. Even if Mqp 3> Mz and the source of 
CP-violation decouples below M&p, CP-violation survives at lower energies in the soft terms. In section [2] 
we study the effects due to SU(5) or SO(10) unification on a spectrum universal at the Planck scale. In 
section |3| we consider the effects due to the neutrino Yukawa couplings in the context of the see-saw 
mechanism. In section || we discuss unified see-saw models. The muon EDM in a left-right symmetric 
see-saw model has been studied in 

In section [| we will consider the alternative possibility that the same physics accounting for the 
structure of fermion masses and mixings also determines the structure of sfermion masses. Suitable 
flavor symmetries can force a non flavor-universal, but phenomenologically acceptable, pattern of sfermion 
masses. Even assuming real A-terms (as suggested by the bounds on EDMs |l|, ||, ||), the complex lepton 
Yukawa matrix gives rise to a non trivial pattern of CP-violating effects. 

The results are summarized in section ^. A muon EDM as large as 10~ 22 ~ 23 ecm can be naturally 
obtained in a few cases but none of the scenarios we consider guarantees that. On the other hand, an 
electron EDM and a fi — > rate within the sensitivity of planned experiments g, |l0| are a prediction 
of some of the scenarios mentioned above. If supersymmetry and d e were discovered, a measurement 
of d^ sufficiently accurate to distinguish d^/m^ « +d e /m e from e.g. d^/m^ « —d e /m e would provide 
interesting information on the source of the dipoles, and, eventually, on the 11 element of the lepton 
mass matrix, allowing to test interesting (but so far only theoretical) speculations about flavor. Such a 
measurement needs a sensitivity to the muon EDM at least as low as 10 -25 ecm. In longer terms, this 
level of sensitivity could be reached using the intense muon beam produced at a future neutrino factory 
complex [pl[|. 



2 Effects from unified models 

In unified models, flavor and CP violations cannot be confined to quarks but must be present also in 
leptons, e.g. b — ► S7 must be accompanied by \x — > cy. In non supersymmetric GUT models these 
leptonic effects are negligible because suppressed by powers of I/Mqut- in supersymmetric GUT models 
with soft terms already present above the unification scale, quantum corrections due to the unified top 
quark Yukawa coupling imprint lepton flavor and CP violations in the slepton mass terms ||, inducing 
significant computable effects in low energy processes ||, || . 

Minimal SU(5) unification induces an electric dipole of the up quark, d u cx tan 4 (3, of experimental 
interest if tan/3 is large, but does not give detectable lepton electric dipoles |l4j|. On the other hand, 
minimal SO(10) unification gives /1 — > ej rates (m r /m A1 ) 2 -times larger than in SU(5), and significant 
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Table 1: Compilation of 90% CL bounds on CP-violating and lepton-flavor violating processes. 



CP-violating effects ||, |i0|| . SO(10) effects in /x — > e7, d e and d^ are correlated by 
d e = Imd ee , d^ = Imd fJifl , BR(/i -> e7) 
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so that de^d^e 



deeduu- The common loop factor F is explicitly given in appendix |b]. In the same 
way as the CKM matrix measures the flavor misalignement within the SU(2) l multiplet of left-handed 
up and down quarks, the $ (Vg _g ) mixing matrices measure the flavor misalignement within the 
supermultiplet of left-handed (right-handed) leptons and left-handed (right-handed) sleptons. In the 
usual supersymmetric flavor basis in which the charged lepton mass matrix is diagonal, these matrices 
diagonalize the left-handed (right-handed) slepton mass matrices. 

Minimal SO(10) (defined as in [10]) predicts equal left and right-handed lepton/slepton mixing, so 
that BR(// — ► &y) = m^ 1 \d ee d^ fl \/(8TTT Furthermore, minimal SU(5) and SO(10) models predict the 



unification of the lepton and down-quark Yukawa matrices at MquT; which would imply 

\ v e L f L \ = \ V eR f R \ = \V t d\, \Vn L f L \ = \V m f R \ = \V ts \ renormalized at M G ut- 



(3) 



However, it is well known that the corresponding minimal GUT relations between m e ,mu,Tnd,m s are 



wrong by factors of 3. This problem can be easily (and maybe even nicely fll9|| ) solved in non minimal 
GUTsQ but in practice implies that relations (|3|) are also wrong by unknown 0(3) Clebsh factors. Setting 
these factors to one we would find 
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If this were the case, minimal SO(10) effects would not generate a detectable d^ given the bounds on d e 
(unless d ee has a small CP-violating phase) and on \x — > &y. The most recent bounds are collected in 
table 1. 

Realistic relations between lepton-slepton mixing and CKM matrix can only be obtained under as- 
sumptions on the lepton and down-quark Yukawa matrices. A cL J> 10~ 24 e cm can arise if the 0(3) Clebsh 
factors suppress the 12 and 21 entries of the lepton Yukawa matrix, so that V eL f L , V eR f R are small. How- 
ever, the approximate unification of the down and lepton Yukawa matrices, and the approximate equality 
\V US \ ~ y/md/m s suggest a different assumption on the charged lepton Yukawa matrix ||19[| . It is inter- 
esting to consider the broad class of models with vanishing or sufficiently small 11, 13 and 31 entries of 
the charged lepton Yukawa matrix. One gets 
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x This implies that different entries of the Yukawa matrices have different gauge structures, as given e.g. by Higgs fields 
in bigger representations of the unified gauge group, or by higher dimensional operators. These situations do not necessarily 
imply non universal ^-terms: computable non universal RGE corrections |2(J to the A-terms get canceled by computable 
GUT threshold effects as dictated in a non trivial way by supersymmetry. 
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Figure 1: Contour plot o/BR( / u — > e'y) in SO(10) (left) and SU(5) (right), for lepton-slepton mixings as 
in eq. ^) and the parameter choice in eq. Q). 



where tp^ is the phase of d M/i . Notice the opposite sign of d^/de with respect to the naive scaling relation, 
as discussed in greater detail in section ||. 

Unlike the ratio d e /d^, the values of d e , d^ and of the [i — ► e7 rate depend also on the structure of 
the 23 and 32 entries of the charged lepton and down quark Yukawa matrices. In fig. [l]a we show the 
prediction for BR(yU, — > cy) in the minimal SO (10) model assuming eq. (||). The // — > ej rate obtained 
for any given assumption on the mixings, and the corresponding predictions for the muon and electron 
EDMs, can be then obtained by rescaling fig. [l]a according to eq.s (Q) and @. We also show the prediction 
for BR(// — ► e'y) in the minimal SU(5) model in fig. [l]b, although, as remarked above, SU(5) does not 



generate sizable d^ and d e . Both figures update the results obtained in [10|. In the rest of this section 



we depart from the main theme of our work and discuss the details of the computation. The uninterested 
reader might want to jump to the next section. 



An update of the computation in |nj is useful for various reasons. The main reason is that the 
effects we are considering strongly depend on the top Yukawa coupling at the GUT scale, see eq. (||). 
Before knowing the value of the top mass, A^Mqut) was estimated from theoretical prejudices about 
proximity to an infrared-fixed point and about exact bottom/tau unification |1C]. There are other less 
relevant reasons to update the computation. Charged sparticles lighter than 100 GeV have been excluded 
by LEP. In the MSSM, a small tan j3 < 2 gives a too light higgs. In the SU(5) case, the computation 
in |Uj missed one diagram [ p^] ; this gives an order one correction (the correct expression is given in 
appendix ||). Finally, assuming that the ll g — 2 anomaly" is due to supersymmetry (rather than 
to QCD), it could be of some interest to study its implications for other sleptonic penguin effects, like 
H — ► ey and the electric dipoles. 



As in [10], we assume minimal SU(5) and SO(10) unification models, unified gaugino masses, universal 
scalar masses mo and universal trilinear real ^4-terms Aq at Mpi = 2.4 10 18 GeV. The assumption of fully 
universal soft terms is not demanded by experimental or theoretical requirements, but is often employed 
in order to reduce the number of parameters (in our computation it fixes the value of the \x term and of 
other less relevant parameters). 

RGE corrections in GUT models lead to non universal, flavor and CP-violating soft terms at the 
Fermi scale, inducing observable effects in leptons through one loop diagrams. In SO(10) the effects are 
dominated by electro-magnetic penguin diagrams. They dominate also in SU(5) if tan /3J> few. This 
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implies relations between different lepton flavor violating signals, like 
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The correlation between fi — > e 7 with <i e and (previously discussed) and with r — > /i 7 (see |l0|) is 
different in the SU(5) and SO(10) cases. The rates for all these other processes can be read from the 
jU — > e 7 rate, that we plot in fig. ||a,b as function of M2, A e /me R - We have assumed eq. @ and 



MMgut) = 0.6, tan/3 = 5, 



300GeV, \V ts \=0.04, \V td \ = 0.01, p > 



(7) 



Unless otherwise indicated all parameters are renormalized at the electroweak scale. For any other value 
of the parameters BR(/j — > e 7 ) can still be read from fig. [I] because it approximatively scales as 



BR(/x -> e 7 ) oc Af(M GU T) X m^ 4 x (^tan/3) 2 x 



iv ~ v - I 2 
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where p = 4 in SU(5) and p = 8 in SO(10). When rescaling mg K one has also to rescale the other 
mass parameters, M2 and ^4 e . This naive rescaling is a good approximation, unless sparticle masses are 
comparable to the Z mass. The upper bound on M2 in fig. |l|a,b corresponds to the assumption m 2 , > 0. A 
large tan (3 can be naturally obtained from a small fi oc 1/ tan /3, or by accidental cancellations. We have 
assumed a positive fx term, as suggested by data about b — > s 7 (and g — 2, if attributed to supersymmetric 
effects), and computed it assuming an universal scalar mass term mo- For this choice of \i there can be 
accidental cancellations between the Feynman diagrams that contribute to the \x — > e 7 rate in SU(5) (see 
fig. |b). 

In order to do a precise computation we fixed the 
value of At(MGUT)) rather than the value of Mt. Fig. ^ 
(from pi] ) shows the value of A^Mqut) extracted 
from the measured pole top mass 
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M t = (175 ± 5) GeV. 
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The values of Aj(Mgut) are somewhat smaller than 
the ones used in [TTJ] , if values of tan f3 ^ 2 are excluded 
because give a too light Higgs mass (as happens in the 
MSSM, unless one adds extra singlets). Decreasing 
Af.(M GU T) by a factor 2 reduces the SU(5) (SO(10)) 
prediction for the fx — ► e 7 decay rate by one (two) 
orders of magnitude. The dependence of the predicted 
fj, — > e 7 rate on tan j3 is not only due to the explicit 
tan 2 (5 factor in eq. (||) , but also to the dependence of 
the experimental band for Af (Mgut) on tan f3 depicted 
in fig. ||[ As a consequence, the /i — > e 7 rate is minimal 
around tan/3 ~ 4. 

The width of the range for A^Mgut) is not only 
due to the few % uncertainty on Mt, but also to unknown sparticle threshold corrections affecting the 
value of At just above the SUSY breaking scale. Moreover, the running up to Mqut depends on the gauge 
couplings (also affected by unknown sparticle threshold corrections) and amplifies the uncertainties in A^. 
In fact, the RGE evolution of At exhibits an infra-red fixed point behavior: different values of A^Mgtjt) 



Figure 2: Values of A^Mgut) compatible with 
M t = (175±5) GeV (outer band) and with M t = 
175 GeV (inner band). 



converge in a restricted range of values of Xt at low energy [25]. This allowed to guess the value of M t 
from assumptions about A^Mgtjt) [H]- Now that M t is known we would like to do the opposite and 
renormalize \t from low to high energies. We then see the reverse of the medal: A^Mgut) is not strongly 
constrained by the measured value of Mf. Even assuming an exactly known Mt, sparticle threshold effects 
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would still induce a large uncertainty in A^Mqut) (as shown by the inner band in fig. |2|). It is useful 
to remember that in the pure SM the theoretical error on the relation between Mt and At(Mf) (NNLO 
QCD corrections have not been computed) is equivalent to a ±2GeV uncertainty in M^. 

One can wonder if attributing the g — 2 anomaly to supersymmetry (rather than to QCD effects) 
would allow to constrain the predictions for the EDMs and \i — > e^f by reducing the uncertainty on the 
values of /x, tan (3 and of the slepton masses. In fact the one loop diagrams that contribute to fj, — ► and 
to g — 2 are quite similar. This analysis was done in |26|] for the case discussed in the next section, but is 
particularly interesting in the case of the GUT- induced effects, where the uncertainty on sparticle masses 
induces the dominant uncertainty on the fi — ► e"f rate. We find a strong correlation only if we assume 
that rriQ = Aq = at Mp\ in which case the A-terms and sfermion masses are induced by radiative 
corrections proportional to the gaugino masses. In this case we find 
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where 5a^ represents the super symmetric contribution to = {g — 2)/2. In the general case, there is only 
a loose correlation between fi — > e^f and 5a^. One reason is that the GUT- induced \i — > rate depends 
on how much RGE effects due to the unified top Yukawa coupling make the staus lighter than selectrons 
and smuons: the amount of non-degeneracy depends on tuq and Aq and is minimal at mo = Aq = 0. 
Therefore, in the SO(10) case, eq. @ provides a lower bound on the fi — ► e~f rate. In the SU(5) case there 
can be accidental cancellations between the Feynman diagrams that contribute to /x — > (see fig. |l]b): 
if rriQ, Aq / the fj, — ► e^/ rate can be above or below the value in @. 

3 Effects from neutrinos 

Similar effects can be generated by the neutrino Yukawa couplings present in supersymmetric see-saw 
models. Adding to the MSSM "right-handed neutrinos" iVj, the most generic lepton superpotential 

W = + \% L l WH u + \% E l VH d , (10) 



gives the Majorana neutrino masses 



v 2 sin 2 /3 rp 

m v = -X N ■ — • (11) 



(when appropriate we use boldface to emphasize the matrix structure). Trough the same mechanism 
operative in GUT models, RGE effects proportional to the squared Yukawa coupling of the right-handed 
neutrinos imprint CP and lepton flavor violations in slepton masses. For example, the correction to the 
3x3 mass matrix of left-handed sleptons is 



1 M 2 

6m 2 L = -j^(3ml + A 2 Q)Y N + --- , where Y N = \* N h 1 (-^)\T (12) 

having assumed universal soft terms at Mqut and neglected O(Aj^) effects. In this approximation, the 
experimental bounds from £{ — > tj^ decays are saturated for 

[Y N ] TIM [Y N ] Te ~ lO^ 1 , [Y N }„ e ~ lO"^ 1 (13) 



2 This 'no scale' p7[ boundary condition is probably the simplest way of justifying universal sfermion masses. 
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having assumed values of sparticle masses compatible with a super symmetric explanation of the g — 2 
anomaly. A more complete analysis can be found in |2qj . 

Since M is unknown, the see-saw relation (|l(]) does not allow to convert the measurement of the 
neutrino masses m v into useful restrictions on the scale of Xn, or on its flavor structure. In particular, the 
large v i t,jv T mixing observed in atmospheric oscillations [^9| does not necessarily imply a correspondingly 
large SUSY mixing in slepton interactions. The M, \n and Xe matrices that describe the supersymmetric 
see-saw superpotential of eq. ( |i~0D contain 15 real parameters and 6 CP-violating phases. At low energy, 
in the mass eigenstate basis of the leptons, 3 real parameters describe the lepton masses, and both the 
neutrino and the left-handed slepton mass matrices are described by 6 real parameters and 3 CP-violating 
phase Q| . Since (15 + 6) = (3 + 0) + (6 + 3) + (6 + 3) we see that see-saw mechanism has too many free 
parameters to allow to make general predictions: any pattern of lepton and neutrino masses is compatible 
with any pattern of ' radiatively- generated flavor violations in left-handed slepton masse ^. The RGE effects 
in A-terms can be predicted in terms of the RGE effects in left-handed slepton masses. Unlike in the 
GUT case, it is not possible to predict the relative size of the different flavor and CP violating processes 
like \x — > e7, r — > /i7, d e , d^ and to assess which one has a better chance of being observed, if any. For 
these reasons we will not perform 'detailed' computations. 

In view of this situation, one can try to see if useful informations can be obtained from models of 
fermion masses, rather than directly from fermion masses. In this respect, it is important to appreciate 
that the requirement of having a large atmospheric mixing angle between the most splitted neutrino states 
(Am^uj S> A?7ig Un ) gives significant restrictions^, suggesting two peculiar structures for the Majorana 
neutrino mass matrix m u : in the limit Am^ nn = they are 

(a) a rank one matrix (if Am^ tm > 0, i.e. if neutrinos have a hierarchical spectrum); 

(b) a rank two pseudo-Dirac matrix (if Am^ tm < 0, i.e. if neutrinos have an inverted spectrum)]^]. 

Assuming # atm = 7r/4 and #chooz — (i.e. maximal Va <-> v T atmospheric oscillations), in the mass 
eigenstate basis of charged leptons, these matrices can be explicitly written as 

/0 0\ /0 1 1 N 

m„(a) oc 1 1 , m„(b) oc 1 
\0 11/ VI 0, 



In the see-saw context, these mass matrices are generated by the following superpotentials [34, 35| 

W(&) = \N(L f , + L T )H n + ^-N 2 , W(b) = XN(L ll + L T )H n + X'N'L e H u + MNN' (14) 

that could be both justified by a broken L e — L^ — L T symmetry (that would suppress fi — ► e^). Having 
reproduced the main structure of the neutrino mass matrix, it is easy to add the solar mass splitting 
(large solar mixing is automatically obtained in case b), and to inglobate neutrino masses in a full model 

J Since there are no restrictions, it is of course possible to obtain values of BR(/i — > cy) or of BR(r — » ^7) just below 
their experimental bounds. This is necessarily the case, under appropriate assumption on the size of the neutrino Yukawa 
couplings |26) eventually justified by choosing some flavor model Q. On the contrary, too large /i — > ej rates are 
normally obtained under other reasonable assumptions not demanded by experimental data, as discussed in Ji^] . In general, 
eq.s dl3[ ) tell that a significant improvement of the experimental sensitivity in r — > /i7 would allow to test if the neutrino 
Yukawa matrix contains order one entries. 

Experimental data prefer, but do not require, Ams Un Am^ tra . If this were not the case, neutrino data would not give 
significant restrictions on flavor models. Furthermore we restrict our attention on models that predict # atm ~ 1. Depending 
on personal taste, one could instead be content with models that predict # atm ~ e 1 ' 2 (where e is a relatively small number), 
or want models that predict 9 atm close to 7r/4. 

5 Neutrinos could also have a degenerate or quasi-degenerate spectrum, but we are not interested in these cases. We 
also do not consider inverted spectra with a generic Majorana phase incompatible with a pseudo-Dirac structure, that 
automatically guarantees the smallness of Am s 2 nn /Airij 
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of fermion masses. In conclusion, the only generic suggestion from neutrino data is that one right handed 
neutrino mass eigenstate has comparable Yukawa couplings to r and \i and a smaller coupling to e. 
What are the implications of this restricted structure for supersymmetric lepton-flavor and CP-violating 
effects? The Yukawa coupling A is the crucial parameter for supersymmetric effects, but its size cannot be 
deduced from the see-saw relation in eq. (|ll]) . Concrete examples that illustrate how both large and small 
SUSY mixings are compatible with this restricted see-saw structure have been presented in |2£| (for case 
(a) — the extension to case (b) is trivial). In fact, the see-saw structure (O) does not need large mixing 
angles in any Yukawa matrix (if A is not the largest element of \^\ see ]3(| f° r explicit examples). The 



casistics discussed in [28| contains all what can be reliably said about neutrino- Yukawa-induced /i — > e~f 
and t — > |Wy decays. 

In the assumption that A is large enough (e.g. A ~ At), the minimal see-saw structure of eq. (|H|) 
generates significant effects in the r, /i sector (e.g. the r — > /17 decay, see eq. (|l3|)) but does not generate 
a muon electric dipole. In fact, by redefining the phases of left and right-handed leptons, CP violation 
can be rotated away from this large Yukawa coupling A and confined to the smaller Yukawa couplings of 
the other right-handed neutrinos. 

Is it possible to obtain sizable lepton EDMs by choosing appropriate values for the many unknown 
see-saw parameters (compatible with neutrino masses, but not suggested by them)? We need to further 
assume that many entries of are large, with the hierarchy in neutrino masses obtained from a hierarchy 
in the masses M. The computation of electric dipole moments is tricky, but general arguments simplify 
in a useful way the analysis. (We remind that here we assume that soft terms are universal at Mgtjt : 
the more interesting case of unified see-saw models with universal soft terms at Mp\ will be considered 
in the next section). Then the 3x3 flavor matrix of charged lepton electro-magnetic moments d (see 
eq.s ([![) or (p6|)) is restricted by the U(3)l (g) U(3)_g <g> U(3)jv symmetry of the flavor-universal part of 
the Lagrangian and by the holomorphicity of supersymmetry. The contribution to d that dominates the 
EDMs has the formF] 

doc \ E -Y N -Y E -Y% where Y E = \ E ■ \ E (15) 
and Y n is defined in eq. (|12|). The muon electric dipole is the imaginary part of the n\x diagonal element 



of the matrix d, as in eq. (Ty). Eq. (15) gives electric dipoles d e and d M suppressed by A^, so that large 



dipoles can be obtained at large tan/3: 



4-7T m~ 



where A n 3 , ^N 2 are the largest and next-to-largest neutrino Yukawa eigenvalues and J' CY > is the Jarskog 
invariant associated to the matrices Y n and \ E . If X Ua ~ X U2 ~ 1 large lepton EDMs can be generated. 
However, whatever is the flavor structure of Aat, the electric dipoles satisfy the relation d^/m^ ~ —d e /m e 
(as can be understood by noticing that d T /m T and ^^dijmi tx Im Tr(Y n -Y e -Y 2 n ) are small Jl4[]). The 
naive scaling between d e and d^ can be evaded using the flavor structures that only appear at subleading 
orders (e.g. two loop RGE), different from Yn because contain a smaller power of \n(M^ VT /MM j ). 
Since large neutrino couplings imply Mj,- not much smaller than MguT; the d^ generated by 'sub- 
leading' radiative effects could be sizable and larger than the one generated by 'leading' radiative effects. 
The most optimistic thing that can be said about this possibility is that it is not excluded. 



4 Effects from neutrinos and from SU(5) 

A more appealing possibility arises if the gauge structure at the scale at which the soft terms are universal 
is richer than the SM one. As seen in section 2, an enhancement of LFV processes and EDMs requires 

6 For brevity, here we only give the final result. The use of U(3) symmetries is explained in J^j. The consequences of 
the holomorphicity of supersymmetry for soft breaking terms have been nicely described in |3^ |. Alternatively, the way in 
which the factors Aat and M appear can be understood by inspecting the explicit form of the RGE equations. 
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non-universality in both the right-handed and left-handed slepton sectors. RGE corrections due to right 
handed neutrinos do not affect right handed sleptons, and RGE effects do to the unified Yukawa of the 
top in SU(5) GUTs do not affect left-handed sleptons. If both neutrino and SU(5) effects are present, the 
amplitudes of penguin diagrams (that give EDMs and li — » £j"f decays) get enhanced by rrir/m^ factors 
as in SO (10). The relevant Yukawa interactions are described by the superpotential 

w = a;'/;/-// + x'^.i-yijii + x%F i N j H 

where T [F) are the usual SU(5) 10-plets (5-plets) and H, H are the SU(5) Higgs fields. It is convenient 
to assume that W is written in the mass-eigenstate basis of the right-handed neutrino singlets Nj. As 
discussed in the previous section, the atmospheric neutrino anomaly and the CHOOZ bound motivate 
the assumption that one of the right-handed neutrinos (say, N$) has comparable couplings to the second 
and third generation and a smaller coupling to the first generation: 

A$ = [/ l3 A, with £/ r3 ~^ 3 »£/ e 3 and U 2 e3 + U% + U* 3 = I. 

We now show that a large can be obtained in this minimal unified see-saw context, provided that 
A sa yj M/10 15 GeV is large enough. As previously discussed, this requires to assume an appropriate 
value, around the GUT scale, for the mass M of the right-handed neutrino N 3 . 

Since we are interested in the electric dipoles of the charged leptons we can neglect the small up 
and charm couplings in the up-quark matrix, A c = A u = 0. In this unified see-saw context we can also 
conservatively assume that the other neutrino Yukawa couplings are small and neglect them: A^ = A^J- = 
0. The important point is that in this relevant limit it is no longer possible to rotate away CP-violation 
from the relevant Yukawa interactions 

W = X t T 3 T 3 H + X% E F t T 3 H + X^F^H. 

The phases in At, in X % ^ E and one of the phases in A^ can be rotated awayy by redefining the phases in 
I3, Fi, N 3 , but the remaining phases in A^ are physical. They induce the following EDMs 

de „ ^p^ X *X 2 t I™V td U e3 (U T3 V tb y, d, ~ ^LX 2 X 2 t lrnV ts U, 3 (U T3 V tb )\ 
47rm~ 47rm| 

where we have assumed eq.s (||). Therefore, d^ can be large and much larger than d e . Using the techniques 
described in the previous section, the same result can be reobtained in a more elegant way by noticing 
that the contribution to d relevant for the EDMs is proportional to A^A^A^^A^A^ . We now discuss 
the bounds on d^ set by other processes. The strongest bound comes from r — > fi'y and depends on the 
details of the model. Omitting unknown order one factors and assuming large CP-violating phases we 
estimate^] 

d„ ~ few • 10~ 23 e cm ■ ts ■ 
M 0.04 

Since d^ ^,d e V ts /VtdU e3 the experimental bound on d e induce an upper bounds on d^. The upper bound 
on da induced by the experimental bound on f/, — > ej is comparable and also dependent on the unknown 
parameter U e3 . As remarked above, the parameter U e3 is not directly related to the corresponding 
measurable element of the neutrino mixing matrix: U e3 can be naturally smaller than #chooz (that can 
be generated by another right-handed neutrino). The opposite possibility, #chooz <C U e3 , would instead 
need accidental cancellations. Within the minimal see-saw structure suggested by neutrino data, eq. (|i~4|), 
the additional assumption that the lepton Yukawa matrix has a vanishing 11 element and comparable 
12 and 21 entries gives rise to a relatively large U e3 ~ yjm e /2m^ (that will be experimentally tested in 
long-baseline neutrino experiments) and consequently to d^/m^ ~ d e /m e . 

7 In order to rotate away one of the phases in Ajv one has to redefine the N3 field, eventually giving a complex right- 
handed neutrino mass term M. However, the effects we are considering only depend on M' M, so that a complex M is 
indeed irrelevant. 

8 Bounds from r — > fi-y have been discussed i n II 31] in a more general context but using the 'mass-insertion approximation'. 
An analogous analysis has been performed in [p8[ in the quark sector. 
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5 Flavor symmetries 



We now consider the possibility that the structure of soft terms is constrained by the same physics 
giving rise to the pattern of fermion masses and mixings. A generic flavor symmetry that explains the 
observed pattern of fermion masses does not necessarily force an acceptable pattern of sfermion masses. 
For example, U(l) symmetries do not relate the diagonal soft mass terms, all separately invariant under 
the symmetry. On the other hand, the required approximate degeneracy of the first and second family 
sfermion masses can be guaranteed by a suitable non-abelian symmetry. It is then interesting that the 
simplest non-abelian symmetry accounting for the smallness of the two lighter fermion families masses also 



automatically guarantees this approximate degeneracy [39]. In this section, we discuss the expectations 
for the muon and electron EDMs in this context. 

Rather than focusing on a particular model, we would like to study the generic properties of this 
class of models. In order to simplify the discussion we will make few assumptions, valid in wide classes 
of models. Generically, the lepton Yukawa matrix and the slepton masses can be diagonalized by unitary 
matrices Ul,Ur,Tl,Tr as 

X E = U R X EjdiSLg U L , m 2 L = rJm| id i ag T L) m\ R = T R m 2 eRA ^ g T R . (17) 

For a naturally hierarchical Yukawa matrix Xe, the mixing matrices Ul,r can be written with sufficient 
accuracy as the product of three 2x2 rotations diagonalizing sector by sector the Yukawa matrix in 
subsequent steps: Ul = U^U^U^, Ur = $U^[U£[U^, where <£ = diag(e J<?!,e , e*^, e^ T ) removes the 
phases from the diagonal elements one is left with after the three rotations. Since the Yukawa matrices 
are in general complex, the a ij" rotations also involve a phase in their off diagonal elements. 

The first assumption we make is that the 13 rotations are negligible. This is the case if the 13 and 
31 entries of the charged lepton Yukawa matrix are sufficiently small. In the quark sector, the same 
assumption on the quark Yukawa matrices is supported by the pattern of quark masses and mixings. 
In fact, the presence of approximate "texture zeros" in the 13, 31 positions, together with the presence 
of an approximate zero in the 11 position and the approximate equality in magnitude of the 12 and 21 
elements, successfully accounts for the "leading order" [^] relations between quark masses and angles 
l^ufi/^c&l ~ yrriujrnc, \Vtd/Vt s \ ~ yjmd/m s [Q. Here, however, we will only make the assumption that 
the 13 and 31 elements of Xe are negligible. Since the Yukawa matrix and the corresponding A-term 
matrix have the same quantum numbers under the flavor symmetry determining their structure, the 
A-terms can be written as = AijXij, where the various are naturally comparable but not equal. 

Secondly, we assume that effects due to non degeneracy between selectrons and smuons can be ne- 
glected. Any successfully broken flavor symmetry must guarantee that degeneracy at a high level of 
accuracy. Finally, we again assume that 13 rotations can be neglected also in the slepton sectors. In 
conclusion, the left and right-handed slepton mass matrices can be diagonalized by a rotation in the 
"23 sector" only. If the rotation in the 23 sector is not too large, this hypothesis takes under control 
potentially dangerous FCNC and CP-violation effects. 

To summarize, we assume the following structures 

(-AllAll ^12^12 
A21A21 -422A22 A 2 z\2Z I , m 2 
^32A32 

"(18) 

for the various Yukawa, A-term^ and sfermion mass matrices. 

We are now ready to compute the EDMsf^l. Let us first consider the muon EDM. As discussed in 
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appendix A, eq.s (28,E9), the general one-loop expression for cL, eq. (|27|), can be conveniently simplified as 



9 A similar structure of A-terms has been considered in p^] . 

10 The supersymmetric flavor problem can be partially alleviated by alternatively assuming that the sfermions of the first 
two generations have few TeV mass. This possibility would give similar EDMs as the one we consider here. 
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a ) Al *'0-^ [Lr b) f L (R)s-0-^ p.R( L ) c) f L „-0-^ 

/ S / \ / \ 

/ \ / \ / \ 

' ' 1 o- 



fJ'L PR ^L(R) ^R(L) Mi V-R 

Figure 3: The three type of contributions to d^. The photon (not shown) should be coupled to charged 
particles. 

a sum of three dominant contributions, pictorially represented in fig. ||. The first diagram is proportional 
to A^ LfJiR , the 22 element of the A-term matrix, written in the lepton mass eigenstate basis (i.e. the 
muon A-term). The last diagram employs flavor violation at /X£ and hr vertices and is proportional to 
V,j, R f R Af R f L V~ L , where Af R f L is the 33 element of the A-term matrix, written in the mass eigenstate 
basis of sleptons, and V ~ UT^ are the lepton/slepton mixings (precisely defined in appendix A). The 
intermediate diagrams are proportional to Vfj, R f R Af RflL and A^^ V~ L , that involve the ^4-term matrix 
in the lepton-slepton mixed basis (their general expressions in terms of the Ul, Ur,Tl,Tr matrices can 
be found in appendix A, eq. (j30| )). Similar expressions hold for d e . We now compute these flavor factors. 

We begin with diagonalizing explicitly the charged lepton mass matrix. The values of A e , A„, A T > 
are related to the complex elements of the lepton Yukawa matrix \j by 

Ke** = A33, \»e**» = X22 ~ e 23 e 32 X T e^, X e e^ = A n - e 12 e 21 A M e^ (19) 

where 

A23 ^32 A12 A21 
£23 — T ) «32 — T , £12 — T 7J~, £21 — T 77 

A33 A 33 X^e 1 ^ X^e 1 ^ 

are the complex ij'-rotation angles in U^, U 23 , , U^ 2 respectively. Our equations hold if \eij\ <C 1, 
otherwise they are still qualitatively correct. In the standard basis where Xe = diag(A e , A^, A T ), the 
lepton ^4-term matrix, that is the factor entering in the first contribution to d e ,d^ (fig. |3|a), is 

X e A e e 12 X^-^(A 12 - Afj) -e l2 e 2Z X T e i ^-^\A 2Z - A 33 ) 

UrA e uI = [ e 21 X^(A 21 - Afj) X^ e^X^-^)^ - A 33 ) 

-e2l€32A T (^432 — ^33) €32A T (^432 — ^33) A r ^33 



(20) 



where 



A lx = A 22 + a fM (A 22 -A 23 -A 32 + A 33 ), a M = £23632— e^-H (21a) 

A e = A 11 + a e (A n -A 21 -A 12 + A fl ), a e = e 12 e 21 ^e^-^ . (21b) 



The quantities A^ RlML , A eR( , L entering the first contribution to the EDMs (fig. ||a) are given respectively 
by X^A^ and X e A e . The coefficients a e and are texture-dependent complex numbers, that measure 
how significant are the off-diagonal contributions to the e and fi mass, respectively. Their natural range 
is < \at\ < few. In particular, one has a e = —1 for a texture with a vanishing 11 element. The position 
of phases in eq. (p0|) reflects the choice of including the matrix of phases $ in the right-handed rotation. 

The two order one contributions (fig. ^b) need the elements of the A-term matrix in the mixed basis 
in which one f is involved: 

A T R p, L - e32A T (A 32 - ^ 33 )e^ T , Af R e L = -e 2 iAf RPL , . . 

Krtl = e2 3 A T (^23 - A 33 )e<^-M, A eR ? L = -e 12 A m ? L . K ' 
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Finally, the order two contribution (fig. ||c) involve the 33 element of the ^4-term matrix in the slepton 
mass basis, Af R ? L , which essentially coincides with Ai-^33. 

From the above equations we can finally recover the expression for the quantities in eq. (|29| ) directly 
related to the EDMs. For the muon EDM we get 

A% = m^An (23a) 

A$ L = e^-^e 32 (e 23 -~e 23 )m T (A 33 -A 32 ) (23b) 

A» R = e l ^-Me 23 (e 32 -~e 32 )m T (A 33 -A 23 ) (23c) 

A% = e l ^-^(e 23 -i 23 )(e 32 -e 32 )m T (A 33 + fitBn(3), (23d) 

where £32 (^23) represent the contribution of the 23 rotation that diagonalizes the left-handed (right- 
handed) sfermion mass matrix. For the electron EDM we get 

Aq = m e A e , A\ L = Al L a e m e /m,j,, A\ R = A^aeirie/m^, A\ = A^a e m e /m^. (24) 

We can now discuss the size of the different contributions to the EDMs. If the ^4-terms are complex, 
the trivial term due to A e and A^ (contained in ^4o) would give \d e /dfj,\ ~ m e /m^ for any texture of 
the lepton Yukawa matrix A significant enhancement of d^/d e would be possible only as a result of an 
accidental cancellation in the expression for d e . The higher order contributions to the EDMs, A^ with 
i = {1L, li?, 2}, satisfy Im (Af/rn e ) = Im (a e Af /m^) and therefore would give \d e /d^\ « \a e \m e /m^. A 
sufficiently large d^ is obtained if \a e \ <C 1 (i.e. with an appropriate texture for Xe) and if the A\l r, A 2 
contributions are the dominant ones. The A 2 contribution dominates if tan/3 is large, or if mgn m?. 
On the contrary, these contributions are suppressed if |a^| (and the €23 rotations) are small. If the large 
mixing angle observed in atmospheric neutrino oscillations comes from the charged lepton Yukawa matrix 



(i.e. if I €23 1 ~ 1)) we expect ~ 1. In this case it is not possible to neglect 13 rotations [43] and one has 
a significant r — ► ^7 rate. 

Since strong bounds exist on the phase of some of the soft terms (e.g. the \x term) for reasonable 
sparticle masses ||, it is more appealing to consider the case of real (but non-universal) soft terms. CP 
violation is contained in the non diagonal Yukawa matrices, that can be diagonalized by flavor rotations 
with complex mixing angles e^, as in (|i~7|). In general Xe contains 4 independent phases, reduced to 
the 2 phases of a e and a^, under our assumption that the 13 and 31 elements of the Yukawa matrix are 
negligible. In the physical basis where Xe = diag(A e , A M , A T ), the slepton soft-terms are no longer real, 
giving rise to sizable EDMs as explicitly shown by eq.s ( |23|j2^ ). The phases of A e , A^ are naturally small 
since Ima< <C 1 unless the two contributions to A e , A^ in eq. (|^) are comparable. With real ^4-terms, 
the zeroth order contributions Aq gives 

IthAq = m e (A 33 - A 23 - A 32 + A 2 2)Ima e a IJ , + m e (A 22 - A 12 - A 21 + A n )lma e (25a) 
ImiJ = mn(As3-A 23 -As2 + A 22 )Ima lx . (25b) 

The higher order contributions to d e are also proportional to a e , so that a d^/de larger than m^/rrie is 
always obtained if \a e \ <C 1 (i.e. if the electron mass is dominantly due to the 11 element of Xe)- A small 
\a e \ could be due e.g. to a broken L e — L^ — L T symmetry |35| motivated by neutrino data (as recalled in 
section 3). We remark, however, that \a e \ -C 1 corresponds to a non vanishing An dominating the electron 
mass. In the quark sector, the analogous situation would be incompatible with the measured value of 
V us . It is interesting to study also the opposite situation of an approximate texture zero in the 11 element 
of Ae, so that a e = —1: in this case one always has d^/m^ = —d e /m e (rather than d^/m^ = +d e /m e ). 
Therefore, if the electron EDM and supersymmetry were discovered, a measurement of d^/de (and in 
particular of its sign) would be interesting, since it contains informations on the origin of the EDMs and, 
eventually, on the structure of the lepton Yukawa matrix. In the quark sector the analogous measurement 



of d s /dd could be performed if hadronic uncertainties 440 could be kept sufficiently under control and if 
d u and #qcd are small enough. 
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We can finally pass to numerical results. How large can be gL, compatibly with the most recent 
bounds on related processes collected in table 1? It is convenient to translate the bounds on rare r and 
(i decays into bounds on the transition dipoles dw, defined by the effective Lagrangian 

*<& = \ll [tRl^dwt'L + hl^uM FilV ( 26 ) 
w 

where £,£' = {e,/i,r} and £r(l) = |(1 ± TsK- When mg > the dipoles induce the decay F(£ — > 
£'7) = m^(\d££t\ 2 + |d£'£| 2 )/(167r). For 1 = 1' they induce the electric dipole dg = lioad^ and the magnetic 
moment ag = (2mi/e)Hedu. Assuming equal left and right-handed mixing one has 

\deii\ = \dfj,e\ < 2 10~ 26 ecm, \d Tf i\ = \dfj, T \ < 5 10 _22 ecm. 

In view of the many unknown parameters (the sparticle masses, their mixings, ... ) at the moment we 
do not find useful to present detailed numerical results. The dipoles are roughly given by 

ea ern m£A e I m T la e m e 

where Ag represent the combinations of \i and A terms computed above (eventually enhanced by tan (3) 
and a e ,a^ are the most relevant texture-dependent free parameters. The numerical factor is the one 
appropriate for the bino contribution to the zeroth-order term Aq, evaluated for = m B . For A^ = 
rrijx = 100 GeV and a M ~ 1 one has d^ ~ 0.3 10 _22 ecm. A in the 10 _22 ecm range is easily obtained 
and is compatible with bounds on r — > ^7 for reasonable values of £23> e 32> £23, £32 (such that ~ 1) 
and with bounds on \x — > e7 and d e for an appropriate texture of with small 12 and 21 entries (such 
that \a e \ <C 1). A d^ in the 10 _21 ecm range requires in addition a moderately large tan/3 and accidental 
cancellations in d^ T ,d T ^. 



6 Conclusions 



Motivated by the prospects of improving the experimental sensitivity to the muon EDM by several 
orders of magnitude, we have discussed the expectations for the muon and electron EDMs in super- 
symmetric scenarios. If the EDMs scale with masses, d^/de = mu/m e , the present limit on d e implies 
dfi ^0.3 10 _24 ecm. We studied if a larger muon EDM, d^/m^ S> d e /m e , can be obtained. The generic 
answer is of course yes: the MSSM has ~ 100 free parameters and one just needs to assume that the 
appropriate ones (e.g. A^, the muon A-term) have a large complex phase. However this possibility is 
not appealing. It is well known that the SUSY-breaking soft terms must satisfy some highly constrained 
structure in order to give an acceptable phenomenology. When a scenario able to account for these 
constraints is considered, it is not obvious that large effects and deviation from naive scaling can be 
obtained. For example, if the soft terms are universal one has A^ ~ A e and mg ~ so that the relation 
dfi/rrifj, w +d e /m e cannot be evaded. It is therefore important to understand if a detectable d M can 
be obtained in frameworks able to account for the tight constraints on the structure of supersymmetry 
breaking, like some appropriate flavor symmetry or a flavor blind mechanism of SUSY breaking. 

The first case can be realized with an appropriate non-abelian flavor symmetry. If the soft terms 
are complex the typical prediction for the EDM ratio is d^/m^ ~ d e /m e , so that d^/d e could only be 
enhanced by accidental order one factors with respect to the naive value m^/m e . In particular, one gets 
dfj,/m^ = —d e /m e if the electron mass arises from the 12 or 21 elements of the lepton Yukawa matrix. If 
instead the lepton Yukawa matrix has negligible 12 or 21 entries, some contributions to d e and d^ would 
naturally give \d fl /d e \ 3> m M /m e , if they were dominant, as it happens in some cases (e.g. large tan/3 
or me,[i 3> nif). If the soft terms are real (or almost real, as suggested by bounds on EDMs) but have 
a non universal structure (like the one allowed by flavor symmetries), sizable EDMs are obtained from 
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the phases of the Yukawa matrices. The reason is that the complex flavor rotations that diagonalize the 
lepton masses do not diagonalize, at the same time, the slepton masses. In this case, a lepton Yukawa 
matrix with small 12 or 21 entries naturally enhances d^/de by suppressing d e . Despite this suppression, 
d e can saturate its experimental bound, and a d^ as large as 10 _22 ecm can be obtained compatibly with 
all other bounds. Unacceptably large effects are avoided because the induced phases are typically small. 

In the case of a flavor-blind mechanism of supersymmetry breaking, CP-violation can be imprinted 
in the initially universal soft terms by radiative corrections due to some higher energy physics. The 
top quark Yukawa coupling in SO (10) generates a sizable \i — > cy decay rate and a sizable d e : it also 
gives rise to \d^/d e \ ~ |Vtd/Vt s | 2 times unknown 0(1/3 3) Clebsh-Gordon factors. Only with favorable 
factors it gives a cL slightly above the planned sensitivity. If the lepton Yukawa matrix has 11, 13 and 31 
texture zeros, these factors always combine to give d^/d e = —m^/m e . In the see-saw context, radiative 
effects are generated by the neutrino Yukawa couplings. Since they are uncertain, it is not impossible 
to obtain a sizable d^. However, the minimal see-saw structure suggested by neutrino data (with the 
additional assumption that one unknown Yukawa coupling is large enough) generates significant lepton- 
flavour violating effects in fi and r, but without CP violation. Large CP-violating effects in [i and r 
are instead naturally obtained in a minimal SU(5)-unified see-saw, where a d^ up to about 10 -23 ecm is 
naturally obtained compatibly with all other bounds. 

In both cases, the maximal value of eL is typically accompanied by a r — > /ry rate close to its 
experimental bound. Finally, we also updated predictions for fi — > rates and related processes in 
SU(5) and SO(10) models, and critically re-examinated which 'predictions' are possible in the see-saw 
context. 
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A EDMs of charged leptons at one loop 

We are interested in EDMs generated by complex phases in fermion and sfermion mass matrices. We 
therefore assume that the gaugino masses, the fi and B\x terms are real. Only neutralino exchange 
contributes to EDMs of charged leptons at one loop, giving 



4-7T COS 2 9^jMn t 
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(27) 



where g(r) = [1 — r 2 + 2r lnr]/2/(l — r) c 



n 



{1, . . . ,4}, H n g, H n ^ 3 are elements of the 4x4 matrix H 



diagonalizing the neutralino mass matrix, H M^H = diag(My\n • • • Afjy 4 ), ^ is the 6x6 unitary matrix 
diagonalizing the charged slepton mass matrix M| (written in the supersymmetric basis where the mass 



matrix of charged leptons is diagonal) as ^Mj;^ = diag(m 2 



m 



In order to obtain a more useful expression, we diagonalize the 6x6 slepton mass matrix by treating 
the j4-terms and the lepton masses as perturbations. In the approximation in which the first two slepton 
families are degenerate, we then find for the dipoles de, I = e,fi, 
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(28) 



where 



n=l N « 



rut, 
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g(a) -g(b) 



14 



G(a - a', b) = G{a, b) - G{a' , b), G{a, b-b') = G(a, b) - G{a, b'), 



A ir = vcos PA iRfL Vj LlL , 
A[ L = vca&pV lR f R Af R i L , 



A* = v cos PAz R z L , 

A 2 = vV i R f R ( COS P A f R f L + V sin /3 X f R fL) V f L i L 



(29) 



Here, A is the charged lepton Yukawa matrix and A are the corresponding trilinear soft terms. The 
flavor basis in which they are written is identified by their indexes (£l,r, t l,r denote the lepton mass 
eigenstates, whereas £l,r, tl,r denote the slepton mass eigenstates). The matrices V measure the lepton- 
slepton mixing. In terms of the unitary matrices Ul, U r ,Tl,T r defined in eq. (]T7|), we have 
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V £RfR = (U R T R ), 



(30) 



If tan (3 is so large that m T tan (3 
change. 



Tfif one needs a more complicated expression, but there is no qualitative 



B One loop effects in SO(10) and SU(5) unified models 



In SO(10) models, the unified top quark Yukawa coupling induces lepton flavor violations in left-handed 
and right-handed slepton mass matrices. Eq. (^) can be further simplified taking into account the 
peculiar structure of the flavor-violating A-terms generated by SO(10) effects (summarized in eq. (28) 
of |l(J). The relevant penguin dipoles dw (defined as in eq. (pq)) are the ones that involve the first two 

Vl R f R Ve L r,V T * Rf V T * LfL F where 
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, A e + A T 



(A e + fit&n/3)G(e L ,e R ) + (A T + jutan/3)G(f L , f R ) + 
+ fj,tan/3)[G(r L ,e R ) + G(e L ,f R )} 



(31) 



In SU(5) models, the unified top quark Yukawa coupling induces lepton flavor violations in the right- 
handed slepton mass matrix. The transition dipoles dw can give rise to detectable fj, — ► and r — > /U7 
rates, but no sizable lepton EDMs are induced. The transition dipoles that can induce significant effects 



are d eiM = V* R ~ R V eR f R F and d^ T 



V T R fR V ^ R f R F where now 
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M N n M N n 



1V1 N n 



1 1 
mi m~ 

M N n M N n 



+ 



(32) 



9( 



Mn u Mz cos (3 sin 9yj 
and f(r) = — [2 + 3r — 6r 2 + r 3 + 6r lnr]/[6(r — l) 4 
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